In polymicrobial infections, microbes can interact with both the host immune system and one another through direct contact or the secretion of metabolites, affecting disease progression and treatment options. The thick mucus in the lungs of patients with cystic fibrosis is highly susceptible to polymicrobial infections by opportunistic pathogens, including the bacterium Pseudomonas aeruginosa and the fungus Aspergillus fumigatus. Unravelling the hidden molecular interactions within such polymicrobial communities and their metabolic exchange processes will require effective enabling technologies applied to model systems. In the present study, MALDI-TOF and MALDI-FT-ICR imaging mass spectrometry (MALDI-IMS) combined with MS/MS networking were used to provide insight into the interkingdom interaction between P. aeruginosa and A. fumigatus at the molecular level. The combination of these technologies enabled the visualization and identification of metabolites secreted by these microorganisms grown on agar. A complex molecular interplay was revealed involving suppression, increased production, and biotransformation of a range of metabolites. Of particular interest is the observation that P. aeruginosa phenazine metabolites were converted by A. fumigatus into other chemical entities with alternative properties, including enhanced toxicities and the ability to induce fungal siderophores. This work highlights the capabilities of MALDI-IMS and MS/MS network analysis to study interkingdom interactions and provides insight into the complex nature of polymicrobial metabolic exchange and biotransformations. M icrobes that colonize mammalian hosts can form polymicrobial communities, such as biofilms, where they establish commensual, mutualistic, competitive, or antagonistic interactions with one another and with the host. In microbial disease, this complex interplay can affect the outcome of antimicrobial therapy (1). Therefore, it is important to understand polymicrobial populations and their interactions at the molecular level.
In polymicrobial infections, microbes can interact with both the host immune system and one another through direct contact or the secretion of metabolites, affecting disease progression and treatment options. The thick mucus in the lungs of patients with cystic fibrosis is highly susceptible to polymicrobial infections by opportunistic pathogens, including the bacterium Pseudomonas aeruginosa and the fungus Aspergillus fumigatus. Unravelling the hidden molecular interactions within such polymicrobial communities and their metabolic exchange processes will require effective enabling technologies applied to model systems. In the present study, MALDI-TOF and MALDI-FT-ICR imaging mass spectrometry (MALDI-IMS) combined with MS/MS networking were used to provide insight into the interkingdom interaction between P. aeruginosa and A. fumigatus at the molecular level. The combination of these technologies enabled the visualization and identification of metabolites secreted by these microorganisms grown on agar. A complex molecular interplay was revealed involving suppression, increased production, and biotransformation of a range of metabolites. Of particular interest is the observation that P. aeruginosa phenazine metabolites were converted by A. fumigatus into other chemical entities with alternative properties, including enhanced toxicities and the ability to induce fungal siderophores. This work highlights the capabilities of MALDI-IMS and MS/MS network analysis to study interkingdom interactions and provides insight into the complex nature of polymicrobial metabolic exchange and biotransformations. M icrobes that colonize mammalian hosts can form polymicrobial communities, such as biofilms, where they establish commensual, mutualistic, competitive, or antagonistic interactions with one another and with the host. In microbial disease, this complex interplay can affect the outcome of antimicrobial therapy (1) . Therefore, it is important to understand polymicrobial populations and their interactions at the molecular level.
In persons with cystic fibrosis (CF), the lungs are lined with a viscous mucus layer susceptible to polymicrobial infections (2) . Pseudomonas aeruginosa, a Gram-negative bacterial opportunistic pathogen, is the most prevalent and persistent microorganism (3) isolated from the sputum of CF lungs and leading cause of mortality in CF patients (4) . Within the CF lung, P. aeruginosa exists in biofilm-like macrocolonies (5) and is refractory to antimicrobial agents and the host immune response (6) . Aspergillus fumigatus, an opportunistic fungal pathogen, is the second-most persistent microbe in the CF lung, with a 10-57% prevalence rate (3) , and is capable of causing allergic bronchopulmonary aspergillosis (7) .
Superinfection with both P. aeruginosa and A. fumigatus in CF patients leads to decreased pulmonary function compared with monoinfection with either microbe (8) . Interestingly, however, in a pulmonary mouse model, mice coinfected with P. aeruginosa and A. fumigatus had a higher survival rate than mice infected by A. fumigatus alone (9) . Additional in vitro studies have suggested that P. aeruginosa has an inhibitory effect on filamentation and biofilm formation of A. fumigatus through both direct contact and secreted molecules (10) . The coexistence of P. aeruginosa and A. fumigatus in the CF lung, species composition, spatial orientation, and molecular interaction remain to be elucidated, however.
Understanding these interkingdom interactions requires a combination of innovative enabling technologies and in vitro model systems. MALDI imaging mass spectrometry (MALDI-IMS) is a powerful technology (11) capable of simultaneously visualizing the spatial and temporal distribution of hundreds of metabolites secreted by microorganisms directly on agar, rather than focusing on single molecules or pathways (12) . The objective of the present study was to use MALDI-IMS to identify key metabolic exchange factors in interactions between P. aeruginosa and A. fumigatus and to uncover roles for these metabolites in the regulation of polymicrobial systems.
Identification of metabolites by MALDI-TOF IMS in combination with high accuracy (<10 ppm) MALDI FT-ICR IMS was facilitated by the recently developed MS/MS network analysis on microbial extracts. This computational methodology uses similarities in MS fragmentation data to associate structurally similar metabolites, including novel analogs (13) . This multipronged approach revealed a complex assortment of secreted metabolites and pointed toward previously unknown metabolic interactions between P. aeruginosa and A. fumigatus grown in close proximity on agar.
Of the metabolite classes described herein, phenazines produced by P. aeruginosa play important roles in electron shuttling, generation of toxic superoxides, and biofilm development through signaling and redox chemistry (14, 15) . In addition, the phenazines pyocyanin (PYO; 1) and 1-hydroxyphenazine (1-HP; 2) are reported inhibitors of A. fumigatus (16) . (Details of the numbered structures here and below are provided in SI Appendix, Fig. S1 ). We observed that phenazine metabolites produced by P. aeruginosa were converted by the fungus into unique products with alternative biological functions. These biotransformations included conversion of phenazine-1-carboxylic acid (PCA; 3) into 1-HP (2), 1-methoxyphenazine (1-MP; 4), and phenazine-1-sulfate (5). Both 1-HP (2) and 1-MP (4) inhibited fungal growth, while the phenazine-1-sulfate (5) did not. 1-HP induced up-regulation of the extracellular fungal siderophores triacetylfusarinine C (6, 7) and fusarinine C (8) . A. fumigatus also converted the P. aeruginosa metabolites PCA (3) and PYO (1) into phenazine dimers (9, 10), potentially in defense against P. aeruginosa and its elaborate system of virulence and signaling factors. This work demonstrates the application of MALDI-IMS in identifying microbial bioconversion metabolites, opens up opportunities to study the effects of these metabolites on both the producing organism and the competing bacterium, and could ultimately lead to alternative therapeutic interventions for infections by these and other microbial pathogens.
Results and Discussion
Interaction of P. aeruginosa and A. fumigatus. This work used P. aeruginosa PA14 (17) and A. fumigatus Af293 (18) as model strains to study this interkingdom interaction at the metabolic level. The two strains were grown in a side-by-side interaction on ISP2 agar using high-cell-density spot inoculants as a model for this microbial encounter. P. aeruginosa can persist in high densities (10 8 -10
10 cfu/g) in the airways of CF patients (3), and highcell-density spot inoculants have been used previously to model colony biofilms (19) .
Time-dependent metabolic exchange between P. aeruginosa and A. fumigatus was studied at 30°C and analyzed at 12 h, 24 h, 36 h, and 48 h. Significant fungal inhibition was observed at 36 h and 48 h. The P. aeruginosa colony also appeared inhibited and exhibited yellow pigmentation at the interface at 48 h ( Fig. 1 and SI Appendix, Fig. S2) .
A section of the agar containing the side-by-side interactions was cut out, treated with matrix, and subjected to MALDI-TOF IMS (SI Appendix, Fig. S3 ) to examine the spatial and temporal distribution of the secreted metabolites (12) . At 48 h, more than 90 ions were observed localized on, around, and between both P. aeruginosa and A. fumigatus, indicating the complex chemical and dynamic metabolic exchange between these organisms. Examples of these observed m/z signals corresponding to the metabolites reported in this paper are shown in Fig. 1 . To facilitate identification of the molecules observed on IMS, a duplicate plate with an incubation time of 48 h was subjected to MALDI FT-ICR-IMS, which allowed accurate mass determination of metabolites with <10 ppm error ( Fig. 1 and SI Appendix, Fig. S4 ). In addition, extracts of the interaction zone between A. fumigatus and P. aeruginosa were analyzed by HPLC, FT-ICR, and ion-trap MS. This enabled the construction of MS/MS networks (13) of the P. aeruginosa-A. fumigatus interaction site, displaying metabolite ions (m/z) as nodes (SI Appendix, SI Methods). Nodes with a high MS/MS spectral analogy are clustered together and often belong to the same chemical class. Clusters of the different metabolite classes can be correlated to the ions observed in the MALDI image of the P. aeruginosa colony grown in proximity to A. fumigatus, to facilitate their annotation ( Fig. 1 and SI Appendix, Fig. S5 ).
Metabolite Classes Involved in P. aeruginosa-A. fumigatus Interaction.
P. aeruginosa and A. fumigatus are known to be prolific producers of a wide variety of secondary metabolites (20, 21) . In the interaction between these organisms, several fungal metabolites were suppressed compared with control fungus; for example, fungal metabolite with m/z 547 was not observed at the interaction site and was present only on the outer edge of the fungal colony, whereas the mycotoxin fumigaclavines A and C were nearly undetectable ( Fig. 1 and SI Appendix, Fig. S6 ). From these observations, it is apparent that P. aeruginosa has a significant influence on the metabolic arsenal of A. fumigatus. This influence is reminiscent of the way in which Bacillus subtilis can suppress the defensive arsenal of Streptomyces coelicolor (22) . The identification of this phenomenon in an interkingdom interaction raises the intriguing possibility that such alterations of metabolic factors may affect disease progression.
In contrast to the fungal metabolites, many of the P. aeruginosa-secreted products did not appear to be affected by the interaction with A. fumigatus, as exemplified by two metabolite classes, the quinolones (11) and the rhamnolipids (12) . As evaluated by MALDI-IMS and MS/MS networks, more than 10 members of the 4(1H)-quinolone (11) family, including (2-heptyl-3-hydroxy-4-hydroxyquinoline (PQS), were observed localized to P. aeruginosa at 48h ( Fig. 1 and SI Appendix, Figs. S5 and S6). Several quinolones have been identified as quorum-sensing (QS) signaling molecules (PQS and 2-heptyl-4-hydroxyquinoline), iron chelators (PQS), and antimicrobials (2-heptyl-4-hydroxyquinoline N-oxide), but most quinolones remain uncharacterized (23, 24) . More than 10 rhamnolipids were produced by P. aeruginosa and secreted extensively in the media, as exemplified by m/z 673 Da (12) (Fig. 1 and SI Appendix, Figs. S5 and S6). These biosurfactants have been reported to promote uptake and biodegradation of insoluble compounds, affect swarming and biofilm formation, act as virulence factors, and inhibit a variety of microorganisms, including fungi (25) .
The most surprising results were from our analysis of the phenazines, a major class of P. aeruginosa metabolites, which had strikingly unique distributions. Although some abundant members of the phenazines completely engulfed the fungal colony, others were detected only at the interface or had unexpected distributions under the fungal colony. Phenazine-1-carboxamide (PCN; 13) and PCA (3) were both so profusely secreted by P. aeruginosa that they diffused throughout the fungal colony (Fig. 1) . PCN (13) , which has reported antifungal activity against Fusarium species (26), did not lead to a clearance zone in a disk diffusion assay (up to 0.20 μmol/disk) on an A. fumigatus lawn on ISP2 agar; however, PCN (13) did exhibit a zone of discoloration starting at 0.08 μmol/disk. PCA (3) showed no observable phenotypic effect under these conditions (SI Appendix, Fig. S7 ).
An ion with m/z 211 Da was localized well into the fungal territory and of similar intensity to PCA (3) and PCN (13) . This IMS signal originated from two phenazines, PYO (1) and 1-MP (4). Whereas PYO is a well-studied P. aeruginosa virulence factor and QS signaling molecule (27) with reported antifungal activity, 1-MP (4) is not a previously described P. aeruginosa PA14 metabolite. When the two compounds were tested in an antifungal disk diffusion assay, PYO (1) showed no antifungal effect up to 0.20 μmol/disk, whereas 1-MP (4) demonstrated robust inhibition of A. fumigatus starting at 0.08 μmol/disk (SI Appendix, Fig. S7 ).
Unexpectedly, 1-HP (2; m/z 197 Da), a known P. aeruginosa phenazine metabolite, exhibited an unusual distribution at much higher concentrations in and around the A. fumigatus colony than surrounding the P. aeruginosa colony. This finding was confirmed by comparing extracts from the outer edge of the fungal colony, the interaction site, and the outer edge of the P. aeruginosa colony with a 1-HP (2) standard (SI Appendix, Fig.  S8 ), using HPLC and MS analysis. Because P. aeruginosa did not grow around the fungal colony, this distribution allowed us to hypothesize that the fungus might play a role in the production of this metabolite. 1-HP (2) showed fungal inhibition in the lawn assay starting at 0.16 μmol, and discoloration was observed at 0.08 μmol/disk (SI Appendix, Fig. S7 ) This antifungal activity is in accordance with previously reported findings (16) .
Other ions assigned to phenazine metabolites were observed with a specific distribution at the A. fumigatus-P. aeruginosa interface. This type of distribution is often indicative of a specific chemical response, including defense, syntropism, signaling, or related to nutrient deficiency (28) (29) (30) . One of these ions (m/z 239 Da) was annotated as 5-N-methylated PCA (5-MPCA; 14), a phenazine recently reported to induce fungal cell death in P. aeruginosa-Candida albicans interactions (31). This metabolite was more directed toward A. fumigatus at 48 h than at 12 h-36 h, suggesting a comparable defensive role. A phenazine ion with m/z of 277 Da had a similar distribution to 5-MPCA at the microbial interface at 48 h. This metabolite was abundant in an extract of the P. aeruginosa-A. fumigatus interaction and was characterized as phenazine-1-sulfate (5) (SI Appendix, SI Spectral Analyses). The phenazine-1-sulfate showed no fungal inhibition in the disk diffusion lawn assay up to 0.20 μmol/disk (SI Appendix, Fig. S7 ). Although the formation of a sulfated phenazine metabolite by P. aeruginosa through interaction with a fungal strain is unprecedented, sulfonation is a known metabolic process used by a variety of fungi to solubilize and detoxify xenobiotics (32) (33) (34) . Therefore, we hypothesized that this metabolite is a fungal biotransformation product.
Finally, two additional induced phenazine ions (m/z 405 and 433 Da) with comparable distributions were detected at the interface of the P. aeruginosa and A. fumigatus colonies. The distribution of m/z 405 Da at various time points provides clues as to its origin. Specifically, when comparing the 36 h and 48 h time points, the signal seems to emerge from the fungus. A phenazine dimer with this molecular formula was previously isolated from P. aureofaciens (35), but its structure does not fit our MS n fragmentation data, which indicate the presence of a different crosslink between the phenazine moieties (9) (SI Appendix, SI Spectral Analyses). The MS n spectrum of ion m/z form) is shown. At least 10 rhamnolipids were identified, including monorhamnolipids and di-rhamno lipid congeners, which are widely secreted into the media. P. aeruginosa siderophores pyoverdin E (15) and pyochelin (16) displayed a similar distribution. Various phenazines were identified, including previously unreported phenazine-1 sulfate (5) and phenazine dimers (9, 10). Fungal fusarinine-derived siderophores (6, H + form; 7, K + form; 8, K + form shown) were induced and were predominantly present in the aluminum-complexed form. Accurate masses are derived from a replicate MALDI FT-ICR IMS (SI Appendix, Fig. S4 ) or FT-ICR from an extract (indicated by an asterisk). MALDI-IMS spatial resolution was 400-600 μm, with a detection range of 100-3,000 Da.
433 Da could not be fully annotated, but is suggestive of a phenazine dimer containing a PCA unit (10) (SI Appendix, SI Spectral Analyses). Both of these molecules appeared to be fungal biotransformation products, but neither could be isolated in sufficient quantity for further NMR characterization.
Biotransformation of P. aeruginosa Phenazine Metabolites by A.
fumigatus. We were intrigued by the unexpected distribution of 1-HP (2) in the P. aeruginosa-A. fumigatus MALDI-IMS, indicating a higher concentration under A. fumigatus than under P. aeruginosa. Whereas P. aeruginosa is known to produce low levels of 1-HP (2) compared with PCA (3) (36), A. fumigatus does not have the biosynthetic machinery to make phenazines. Of additional interest was the spatial distribution of both phenazine-1-sulfate (5) and the dimeric phenazine (9, 10) compounds, because it was unclear whether these metabolites originated from P. aeruginosa or the fungal colony (Fig. 1) .
To gain insight into why the majority of 1-HP (2) was accumulated under the fungal colony and which organism was responsible for the formation of the induced phenazine metabolites, we investigated the effect of the major phenazine metabolites observed in the interaction [PCN (13), PYO (1), PCA (3), 1-HP(2), and 1-MP (4)] with A. fumigatus (Fig. 2) using MALDI-IMS. With this method, changes in metabolic output are monitored directly on the agar with minimal sample manipulation, and the spatial distribution of multiple divergent metabolites can be observed in a single experiment. This provides a large-scale picture of metabolic transformation without bias based on extraction procedures.
For analysis of the biotransformation of phenazines by A. fumigatus, HPLC-purified commercial phenazines applied to paper disks (3 mm radius) were placed next to a 24-h colony of A. fumigatus on ISP2 and incubated at 30°C for 24 h. After the paper disk was removed, the fungal colony was subjected to MALDI-IMS as described above and monitored for the ions previously observed in the P. aeruginosa-A. fumigatus interaction (Fig. 1) .
We did not find any changes in the metabolite profile of A. fumigatus treated with PCN (13) that correlated with the ions observed in the interaction of A. fumigatus and P. aeruginosa (Fig. 2) . There was no evidence of the formation of 1-HP (2), 1-MP (4), phenazine sulfate (5), or the dimeric phenazines (9, 10). These findings were confirmed by extraction and subsequent HPLC with diode array UV detection coupled to offline MS analysis (SI Appendix, Fig. S9 ). Similar experiments with PYO (1) provided no further insight into the formation of these metabolites observed at the interface of the P. aeruginosa-A. fumigatus interaction.
However, when we grew A. fumigatus adjacent to PCA (3; m/z 225 Da), MALDI-IMS revealed products with m/z 197 and 211 Da that were not detected in either the control fungus or the control agar treated with PCA (Fig. 2) . After extraction and HPLC analysis, not only PCA (3) itself, but also three major additional phenazines were detected based on their characteristic UV absorbance (SI Appendix, Fig. S9 ) (37) . Comparison with commercial standards identified 1-HP (2; m/z 197 Da) and 1-MP (4; m/z 211 Da), along with phenazine-1-sulfate (5; m/z 277 Da) previously identified at the P. aeruginosa-A. fumigatus interaction site. These findings indicate that A. fumigatus is responsible for the biotransformation of the P. aeruginosa metabolite PCA (3) into 1-HP (2), 1-MP (4), and phenazine-1-sulfate (5). This is a remarkable result, because although phenazines have been studied for decades and are toxic to various organisms, few studies have detailed bioconversion or sequestering of these metabolites by other species. One relevant example is the reported conversion of PCN (13) and PCA (3) to a partially characterized phenazine by A. sclerotiorum (38) . More recently, fungal addition products to 5-MPCA were observed in the interaction of C. albicans with P. aeruginosa, resulting in increased fungal toxicity (31, 39) .
Aspergilli are known to metabolize a wide variety of aromatic compounds using an extensive repertoire of chemical transformations including decarboxylation, oxidation, methylation, sulfonation, and aromatic acid reduction (32) (33) (34) 40) . The capability of fungi to metabolize a variety of molecules has been exploited in studies using fungal-bacterial cocultures to detoxifiy and mineralize environmentally persistent compounds (41) . In contrast, studies on the fungal bioconversion of metabolites produced by pathogenic microbes in the context of polymicrobial disease are limited.
To test whether 1-MP (4) and phenazine-1-sulfate (5) were derived from the 1-HP (2) intermediate, we investigated the influence of 1-HP (2) on the fungal colony using MALDI-IMS. Indeed, 1-HP (2) applied in proximity to A. fumigatus was converted by the fungus to 1-MP (4), as illustrated by formation of the m/z 211 product in the MALDI-IMS, which was further confirmed by HPLC (SI Appendix, Fig. S9 ) and MS analysis of the extract. Further HPLC and FT-ICR/ion-trap analysis identified the presence of phenazine-1-sulfate as well. Surprisingly, the fungal siderophores triacetylfusarinine C and fusarinine C were also detected in this MALDI-IMS dataset and corresponding extracts. Triacetylfusarinine C was present in the unbound (m/z 853) and iron-complexed form (m/z 906 Da; 7), as well as in the aluminum-chelated state (m/z 877 Da; 6), whereas fusarinine C was detected predominantly as the aluminumbound complex (K + salt m/z 789 Da shown; 8). These siderophores were previously detected at the A. fumigatus -P. aeruginosa interaction site, where they localized around A. fumigatus, reaching around P. aeruginosa in the MALDI-IMS (Fig. 1) . In the interaction with P. aeruginosa, significantly more Al 3+ -bound triacetylfusarinine C and fusarinine C were detected compared with the Fe 3+ -chelated forms. Neither the metal-complexed nor the des-metal siderophores were detected in the MALDI-IMS or the extract of the control fungus. The chemical identification of these aluminum-complexed siderophores was aided by MS/MS network analysis of the extract (SI Appendix, SI Methods and Fig.  S5 ). Because no exogenous aluminum was added to the media, the observation of aluminum-complexed fungal fusarinines was unexpected. These siderophores are known to facilitate the uptake of iron required for a variety of cellular processes (42) . Because of its similar size and charge as iron, aluminum can also complex siderophores (43) . Aluminum is toxic to a variety of organisms (44) and, like iron, can often stimulate siderophore production (45) . Thus, the fusarinines may also function as protective agents by trapping aluminum extracellularly. It has been proposed that unlike Fe 3+ , Al 3+ chelated to siderophores is not reduced intracellularly and remains bound to the siderophore, which is hydrolyzed and secreted (42) .
After identifying 1-MP (4) as a fungal biotransformation product, we then examined whether 1-MP was responsible for additional phenazine biotransformation products, such as the phenazine dimers, through both MALDI-IMS and HPLC analysis of the extract (Fig. 2) . We detected no additional phenazine-derived products, however. Given that PCA (3) is converted by A. fumigatus to 1-HP (2), we hypothesized that a reaction intermediate of this transformation process might also react with other phenazines, such as PYO (1), and thus may be responsible for phenazine dimer formation. When PYO (1) and PCA (3) were applied simultaneously near A. fumigatus, both phenazine dimers m/z 405 and 433 Da (9, 10) were observed in MALDI-IMS (Fig. 2) .
The biotransformation of P. aeruginosa metabolite PCA (3) by A. fumigatus produces multiple modified phenazines with diverse potential properties through decarboxylation/hydroxylation, methylation, and sulfonation (Fig. 3) . Conversion of PCA (3) to 1-HP (2) and subsequently to phenazine-1-sulfate (5) appears to follow the paradigm of detoxification (32) (33) (34) . In contrast, transformation of PCA (3) to 1-HP (2) and 1-MP (4) leads to more potent fungal inhibition than PCA itself and does not appear to be a detoxification biotransformation. Similarly, in the Lentinus fungal species, methylation of phenolic hydroxyl groups was found to increase toxicity to fungal growth, and it was suggested that methylation might serve other functions, including prevention of repolymerization or facilitation of further biotransformations (46) .
An observed role for the transient biotransformation product 1-HP (2) is the induction of fusarinine-based fungal siderophores. This appears to be a well-regulated process, because 1-MP (4), the bioconversion product from 1-HP (2), does not up-regulate these fungal siderophores. These results contrast with the role of phenazines in producing bacteria, where they repress genes responsible for siderophore biosynthesis and transport (47) . Unexpectedly, we found fungal siderophores predominantly complexed with aluminum and, to a lesser degree, iron at the A. fumigatus-P. aeruginosa. interface. It is possible that P. aeruginosa siderophores, such as pyoverdin E (15) and pyochelin (16) , already depleted iron at the interaction site between these organisms. In addition, fungal siderophores may play an active role in sequestering extracellular aluminum, a potentially toxic metal, without release in the cell (Fig. 2) (42, 48) .
The metabolism of PCA (3) by A. fumigatus also may disrupt the siderophore-independent pathway used by P. aeruginosa for iron acquisition. P. aeruginosa uses PCA (3) to mediate the reduction of extracellular Fe(III) to Fe(II) important for biofilm formation (49) . Metabolism of PCA (3) by A. fumigatus yields many phenazine products with potentially modified redox potentials that may interfere with this process. Through additional fungal biotransformation processes, phenazines PYO (1) and PCA (3) produced by P. aeruginosa are converted into phenazine dimers. PYO (1) is a P. aeruginosa QS signaling molecule that influences transcription regulation through SoxR and helps coordinate biofilm formation (27) . Bioconversion of PYO (1) by A. fumigatus might lower its concentration and thus possibly affect the QS mechanisms of P. aeruginosa and subsequent physiological responses. This hypothesized process is akin to a strategy used by root-associated fungi and other species that degrade QS homoserine lactones to attenuate bacterial virulence (50) . The role of these previously unreported phenazine dimers and their effect on both A. fumigatus and P. aeruginosa will require isolation for additional studies. Whether the biotransformations and molecular interactions observed in our model system between A. fumigatus and P. aeruginosa also play roles in the complex in vivo environment of the CF lung will remain a topic for future studies.
In summary, this paper highlights the capability of MALDI-IMS combined with MS/MS networking to capture the multiplexed nature of polymicrobial interactions. Contrary to the common perception, MALDI-IMS is not limited to the detection of large peptidic metabolites. In a single experiment, we surveyed structurally divergent metabolites ranging from small nonpeptide phenazines and their biotransformations (MW <300) to quinolones (MW <350), rhamnolipids (MW 500-800), and larger siderophores (MW 800-1400). The pairwise interaction of P. aeruginosa and A. fumigatus revealed suppression and increased production of metabolites and multiple biotransformations within a single microbial encounter. A. fumigatus converted the P. aeruginosa metabolite PCA (3) to 1-HP (2), 1-MP (4), and phenazine-1-sulfate (5). 1-HP (2) itself was transformed by the fungus to 1-MP (4) and phenazine-1-sulfate (5). The 1-HP (2) and 1-MP (4) exhibited increased fungal inhibitory activity compared with PCA (3), whereas phenazine-1-sulfate (5) showed no antifungal activity. These metabolites could be intermediates in the detoxification process or serve other, as-yet unexplored roles, as exemplified by 1-HP (2), which turned on the production of fungal siderophores. MALDI-IMS also revealed that A. fumigatus converted the P. aeruginosa metabolites PCA (3) and PYO (1) into dimeric phenazines (9, 10) . The identification of these unique fungal bioconversion metabolites provides opportunities to study their effects on both the producing organism and competing bacterium. As exemplified by these experiments, the nature of metabolic exchange within mixed-species interactions is highly complex. We have demonstrated the application of MALDI-IMS to capture metabolic exchange and bioconversions of P. aeruginosa and A. fumigatus in a model system. Our findings further suggest that metabolite biotransformations by neighboring microorganisms may play a role in the progression of CF and other polymicrobial diseases. We anticipate this will be an important area for future studies. Therefore, it is imperative to continue the development of enabling technologies such as MALDI-IMS to visualize the hidden molecular world of microbial encounters.
Methods
Detailed information on strains, culture conditions, bioassays, extractions, purification of metabolites, HPLC conditions, MALDI-TOF IMS, MALDI-FT-ICR IMS, MS analysis including MS/MS networking, and NMR analysis are provided in SI Appendix, SI Methods. Enlarged pictures of the A. fumigatus-P. aeruginosa interactions; the workflow for MALDI imaging; MALDI-FT-ICR imaging data; MALDI-IMS data on fungal products, quinolones, and rhamnolipids; MS/MS networks of P. aeruginosa-A. fumigatus extracts; fungal inhibition assays; and HPLC chromatograms are provided in SI Appendix. MS spectral annotations and NMR analyses are reported in SI Appendix, SI Spectral Analyses.
